Seven-day-old maize (Zea mays) plants were grown hydroponically for ten days in deprived nutrient solutions against the corresponding control grown under full nutrition; the effects of S-, N-or P-deprivation on laminas' mean stomatal conductance (g s ), transpiration rate (E) and photosynthetic rate (A) were monitored, along with the impact on the laminas' total dry mass (DM), water amount (W), length and surface area (S a ). Furthermore, a time series analysis of each parameter's response ratios (Rr), i.e. the treatment's value divided by the corresponding control's one, was performed. Under S-deprivation, the Rr of laminas' mean g s , E, and A presented oscillations within a ±15% fluctuation zone, notably the "control" zone, whilst those of laminas' total DM, water amount, surface area, and length included oscillation during the first days and deviation later on, presenting deviation during d10. Under the N-deprivation conditions all Rr time courses except the A one, included early deviations from the control zone without recovering. The deviation from the control zone appeared at d4. Under P-deprivation, all Rr time courses represented oscillations within the control zone. P-deprivation's patterns resembled those of S-deprivation. Compared to the one of the S-deprivation, the P-one's oscillations took place within a broader zone. Linear relationships among the various Rr patterns were found between g s -E, g s -A, E-A, DM-W and DM-S a . In conclusion, the impact of P-deprivation appeared in an early stage and included an alleviation action, the one of N-deprivation appeared early with no alleviation action, whilst that of S-deprivation appeared later, being rather weaker when compared to the impact of the P-deprivation's impact.
Introduction
Nitrogen (N), sulfur (S) and phosphorus (P) are constituents of important primary metabolites; therefore, deficiency in any one of these elements affects plant metabolism. Within certain limits of nutrient deprivation, plants are able to adjust their metabolism to the current nutrient supply. A scheme combining current information regarding the effects of S, N, and P on metabolism has been developed by Amtmann and Armengaud (2009) [1] . It has been observed that S-, N-, or P-deficiencies result in major reductions of root hydraulic conductivity, which, in turn, may lead to lower stomatal conductance (g s ). Although transported, metabolized and utilized in different ways, all the aforementioned nutrients, under deficiency conditions, produce similar effects on g s and hydraulic conductivity. Clarkson et al. (2000) [2] have discussed in depth the question whether stomatal closure and diminished hydraulic conductivity are the primary effects of nutrient-stress's response.
By definition, g s is the measure of the passage's rate of carbon dioxide (CO 2 ) entering, or water vapour existing through the stomata of a leaf. The exchange of gases is regulated by opening and closing the stomatal pore. Effects of nutrient deficiencies on plant water relations, stomatal behaviour or hydraulic performance have been described for several plant species, mostly with regard to N and P nutrition [e.g. [3] [4] [5] . Nitrate deficiency can induce stomatal closure and cause reductions in plant's leaf growth rates [6] . This environmental cue generates a signal (or signals) within plants carrying information about soil nutrient levels from the roots to the stomata and growing leaves in the shoot [7] . The stomatal closure procedure includes abscisic acid (ABA) action. The ef-fects of S-, N-, or P-deficiency on ABA in maize plant parts in various developmental stages have been reported [8] . The degree of stomatal closure regulates both the transpiration (E) and the photosynthetic (A) rates. Stomatal transpiration accounts for most of the plant's water loss by a plant; and among other functions it enables mass flow of mineral nutrients and water from the roots to the shoots. In Marschner's Mineral Nutrition of Higher Plants (2011, p. 101) [9] , the decrease of A in plants via hydraulic or hormonal signals is stressed out as another example of an indirect mode of nutrients' action on photosynthesis; the signals reduce g s and thus the leaf's gas exchange. Transpiration can be regulated by root hydraulic conductance, which in turn is affected by nutrients through control of aquaporins, for example by nitrate, P and S. Nutrient deficiency can regulate g s also via alteration of supply of guard cells with root-or leaf-sourced hormones such as ABA and cytokinines [9] .
This work aimed at comparatively monitoring the effects of S-, N-or P-deprivation on g s , E and A of young maize laminas. To this end, seven-day-old maize plants were grown hydroponically for ten days in deprived nutrient solutions against the corresponding controls grown under full nutrition. The laminas' total dry mass (DM), water amount (W), length and surface area (S a ) were also monitored. The time courses of the aforementioned physiological and morphometric parameters under each deprivation, as well as the patterns of the statistically significant deviations of the treatment values from the control ones are discussed. A time series analysis of each parameter's response ratios (Rr), i.e. the treatment value divided by the corresponding control one, was performed. Furthermore, the fluctuation patterns of each parameter under each deprivation were compared and discussed.
Materials and Methods

Plant Material and Hydroponics Set Up
Maize (Zea mays "Cisko", Syngenta Hellas) seeds were kept on wet filter paper, in the dark (28˚C, relative humidity 76%) until germination. Four days later, the most uniform of those plants were selected and maintained in a hydroponic batch culture for 3 days in well-aerated distilled H 2 
Measurements
Stomatal conductance (g s , mol H 2 O m From each lamina three measurements were averaged and used for data analysis. A photograph of each of the plant's laminas was taken and by means of the Image-J softwear the lamina's length and surface area were calculated. Fresh weight of every plant's laminas per each experimental day was recorded, the plant material was oven-dried at 80˚C, and the dry weight was recorded.
Statistical Analysis
Each hydroponic treatment was repeated three times. Two plants were measured per treatment per day; thus, for each leaf position, eighteen measurements were taken in total. The comparisons between the corresponding -S, -N, or -P values and the control ones were duly submitted to t-test variance analysis with two tailed distribution and two-sample equal variance, at p ≤ 5%. In those cases, where the differences between means of C and the treatment values were statistically significant, the percentage of the relative change was calculated ( Table 2) . A trend line of second-order moving average type was applied to the data within each time course, in order to smooth the fluctuations during the treatment in each case (i.e., for each day the average between the current day and the previous one was calculated; after that initial step, the averages were connected by a line).
A time series analysis of each parameter's "response ratios" fluctuations (Rr, i.e. the treatment value divided by the corresponding control one,) was performed. In this Rr fluctuation analysis the control is represented by the straight line y = 1; the time courses of the examined Rr . S-deprivation caused a 15.4% decrease in g s at d4 followed by a 24.1% increase at d6 (Table 2, Figure 1(a) ). Likewise, P-deprivation caused a 19.2% decrease in g s at d4 followed by a 41.4 increase at d6 (Figure 1(g) ). In contrast, N-deprivation progressively decreased g s by 23.1% at d4 and by 32.1% at d8 (Figure 1(d) ). The time course of Rr values showed a fluctuation in the g s values during the S- (Figure 2(a) ) or P-deprivation (Figure 2(g) ). In both deprivations the inflection point took place between d4 and d6. In P-deprived plants after d6, the Rr values fluctuated above the control zone, which was not the case for Sdeprived plants.
Transpiration rate-S-deprivation caused a 23.0% increase at d6 (Figure 1(b) ). P-deprivation caused a 17.7% decrease in E at d4 followed by a 32.3 increase at d6 (Figure 1(h) ). N-deprivation progressively decreased E by 21.4% at d4 and by 29.3% at d8 (Figure 1(e) ). The time course of the corresponding Rr values indicated a definite fluctuation in the E values during the S- (Figure  2(b) ) or P-deprivation (Figure 2(h) ). In both deprivations the inflection point occured between d4 and d6. In all three deprivations the Rr fluctuations were similar to Photosynthetic rate-S-deprivation caused no substantial changes of A (Figure 1(c) ). P-deprivation caused a 22.1% decrease in A at d4 followed by significant increases thereafter (20.3%→33.8%) (Figure 1(i) ). N-deprivation presented a decreased A by 21.4% only at d8 (Figure 1(f) ). The corresponding Rr time-course indicated a fluctuation in the A values during the S- (Figure  2(c) ), N-deprivation (Figure 2(f) ) or P-deprivation (Figure 2(i) ). In S-and P-deprivations the inflection point occured between d4 and d6, whilst in N-deprivation it appeared after d8; this was rather surprising and made a strike difference compared with Figures 2(d) and (e) . Other than that, in all three deprivations the Rr fluctuations were similar those of g s .
The Corresponding Effects of Each Deprivation on the Laminas Total Mass, Water Amount, Surface Area and Length
Dry mass (DM)-Under S-deprivation dry mass accumulation was found to be reduced by 16.0% at d4 and by 37.9% at d10 (Table 2, Figure 3(a) ). N-deprivation resulted in a decrease in DM accumulation by 32.1% at d4 and after d6 (33.1% and 51.3% at d8 and d10 respectively, Figure 3(e) ). Under P-deprivation, DM was 45.7% and 28.4% less than control at d2 and d4, as in control at d6 and below control thereafter (23.5% and 36.4% at d8 and d10 respectively, Figure 3(i) ). It must be stressed out that P-deprivation (Figure 4(i) ) presented significant delays in DM accumulation at d2, probably indicating an alleviation effort-process of the negative impact; N-deprivation (Figure 4(e) ) and S-deprivation (Figure 4(a) ) presented such negative impact at d4 immediately followed by a temporary alleviation. Water amount-Under S-deprivation water accumulation was unaffected for the first 8 days; at d10 it was 49.5% less than control (Figure 3(b) ). N-deprivation resulted in a decrease in water accumulation after d2 (47.1%→79.4% less than control up to d10, Figure 3(f) ). Under P-deprivation, the water amount was less than control in all days but d6 (during d10 it was 50.4% less than control, Figure 3(j) ). Each deprivation's Rr timecourse of resembled remarkably the DM one.
Surface area-Under S-deprivation, the total surface area was found to be reduced by 17.0% at d4 and by 45.2% at d10 (Figure 3(c) ). In a similar fashion, P-deprivation reduced the total surface area during d4 (23.3%) and d10 (20.3%, Figure 3(k) ). On the contrary, N-deprivation resulted in a reduced total surface area from d4 onwards (38.7%→66.5% less than control up to d10, Figure 3(g) ). The Rr time-course of each deprivation resembled that of DM, with an exception at d2 under P-deprivation, where the Rr value lied within the control zone (Figure 4(k) ).
Length-Under S-deprivation total lamina length remained unaffected for the first 8 days; at d10 it was 29.3% less than control (Figure 3(d) ). N-deprivation resulted in a decrease in water accumulation after d2 (at dry mass (a,e,i), water amount (b,f,j), surface area (c,g,k) and length (d,h,l) d10 it was 55.6% lower than control, Figure 3(h) ). Under P-deprivation, total length was found to be 16.8% higher than control at d2. From then onwards, it remained statistically unchanged up to d8; at d10 it was 29.9% less than control, Figure 3(l) ). The Rr time-course of each deprivation was similar to that of total surface area, with an exception at d2 under S-and P-deprivation where the Rr value lied at the upper limit of the control zone (Figures 4(d) and (l) ).
Discussion
Strong interactions are ever existent between the plant's nutrient and water status. The integration of these interactions appears as a major aspect of plants' response to the deficiencies. According to Maurel et al. (2008) [10] , deprivation of N, P, or S in plants results, after a few days, in a significant inhibition of water transport. The in depth analysis of each deprivation's impact on the laminas' total DM, P-deprivation (Figure 4(i) ) exhibited a negative impact on DM accumulation at d2. Furthermore, S-and N-deprivation presented a similar negative impact at d4. Comparing the time courses of dry mass together with the corresponding water amount in all three deprivations, two points are clearly apparent: 1) a remarkably similar response progress and 2) the -N impact appearance in an earlier stage being also stronger than the -S and -P ones (Figure 3) . Although plants were grown in hydroponics, a condition which provided high water availability from the growth medium, the laminas' water amount significantly declined at certain time points during each deprivation's time-course.
In the time courses of the examined Rr, it is highly notable that although not statistically significant, the lied within the control zone values, tended to present rather synchronized positive and negative fluctuations. Taking this behaviour into account, we further moved on to the analysis of the Rr fluctuations. From the overview of Figures 2 and 4 it derives that either the time course oscillates, thus returning to this zone (type-1, for example see Figure 4(a) ) or the time course deviates for the control zone without recovering (type-2, as for example in Figure 4(f) ). A mixed type including oscillation during the first days and deviation later on (type-3, as for example in Figure 4(b) ) also appears. Under S-deprivation, the response ratios of laminas' mean g s (Figure 2(a) ), E (Figure 2(b) ), and A (Figure 2(c) ) followed type-1, whilst those of laminas' total DM (Figure 4(a) ), water amount (Figure 4(b) ), surface area (Figure 4(c) ), and length (Figure 4(d) ) followed type-3 exhibiting deviation during d10. Under the N-deprivation all response ratios' time courses but the A ones (Figure 2(f) ) presented the type-2 response. The deviation from the control zone appeared at d4. Under P-deprivation, all response ratios' time courses presented a type-1 behaviour. An interesting observation in this deprivation is that compared to the -S one, the oscillations take place within a broader zone. P-deprivation's patterns resembled the patterns of S-deprivation. Photosynthesis and transpiration are both physiologically complex processes. Plants are thought to optimize water use efficiency by adjusting the rate of photosynthesis in relation to the rate of transpiration [11] . This is achieved through tight stomatal control of water loss in most terrestrial plants as well as other traits which in turn reduce water consumption, e.g. C 4 photosynthesis as in the case of maize. Nutrient regulation of transpiration may function through the concerted regulation of: 1) root hydraulic conductivity through control of aquaporins by nitrate; 2) shoot stomatal conductance g s through NO production and 3) pH and phytohormone regulation of g s [12] . In order to conserve water, nutrients and carbohydrates, necessary for survival, plants respond to stresses by short term (i.e. closing stomata) and long term acclimation (i.e. reducing leaf area). When nitrate supply is limited (regardless of soil water availability), the stomata close, the leaves grow on a slower pace, root growth is maintained, and is often characterized by greater lateral root proliferation. All of these responses are common symptoms of water stress [13] . There is much evidence that responses to N-deprivation are governed by fast root-to-shoot or shoot-to-root chemical signals. ABA in low nitrate-grown barley was solely increased in the xylem and not in the leaves [14] . Low nitrate availability may modulate responses in the shoot via the sensitization of stomatal/leaf growth receptors to ABA. Radin et al. (1982) [15] have shown that N or P deficiency can both enhance stomatal sensitivity to ABA signals, whereas Ndeficiency does not always lead to increases in leaf ABA concentration. Laminas' E time-course pattern resembled that of g s . This fact led to the same response pattern in each deficiency. S-and P-deficiencies presented a transition from lower to higher rates between d4 and d6; moreover, a deviation in the response at d10 (in -S the deviation tended to be lower). In N-deficiency, the transpiration rate decreased progressively after d4. Searching for linear relationships among the various response ratio patterns, several linear correlations were found, the R 2 -values of which are summarized in Table 3 .
As a final remark it must be stressed out that the impact of P-deprivation on the examined physiological and morphometric traits appeared early and there has been an alleviation action; the impact of N-deprivation appeared early with no alleviation action, whilst the impact of Sdeprivation appeared later, being rather weaker in comparison.
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